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We have used light scattering to study the kinetics of polymerization-induced phase separation in a
liquid-crystal-polymer mixture. The evolution of the structure factor is compared with scaling predic-
tions for thermally quenched systems. We have also observed a cascading phenomenon where phase
separated domains become unstable and undergo phase separation for a second time.
PACS numbers: 61.41.+e, 61.30.—v, 64.75.+g
Inhomogenous composite materials consisting of liquid
crystals and polymers are of considerable current interest
for fundamental scientific reasons and because of their
very great potential for use in Aat panel displays. Poly-
mer stabilized cholesteric materials consist of a small
amount of polymer dispersed throughout a continuous
cholesteric liquid-crystal phase [1], while polymer
dispersed liquid crystals (PDLC) consist of liquid-crystal
droplets dispersed in a polymer matrix [2,3]. Both of
these materials can be switched between states with
diA'erent optical properties by modest applied fields, and
this property makes them candidate materials for display
applications. Both of these materials are formed by the
phase separation of an initially homogeneous mixture of
the liquid crystal and a prepolymer; typically, the phase
separation is caused by polymerization. A great deal is
known about the kinetics of phase separation induced by
a thermal quench in liquid mixtures, alloys, and polymer
blends; however, little work has been done to date on the
kinetics of phase separation due to polymerization [4-9].
We have used light scattering to study the kinetics of
polymerization-induced phase separation in a PDLC
forming liquid-crystal-polymer mixture. The system un-
der study consists of the commercial nematic liquid-
crystal mixture E7, the epoxy Epon 828, and the curing
agent Capcure [10] 3-800. E7 is a eutectic liquid-crystal
mixture of cyanobiphenyls and terphenyls, Epon is a bi-
functional epoxide of bisphenol, and Capcure is a trifunc-
tional mercaptan. We studied a ternary mixture consist-
ing of 0.45 weight fraction E7, 0.275 weight fraction
Epon, and 0.275 weight fraction Capcure. The com-
ponents were combined and stirred to form a homogene-
ous mixture which was centrifuged to remove dissolved
air. The sample was contained between parallel glass
plates separated by a 30 pm Mylar spacer. The sample
temperature was held at 62 ~ 0.5 C, 4' C above the
nematic-isotropic transition temperature of the pure
liquid crystal. Static light scattering measurements were
carried out using a He-Ne laser.
The scattered intensity 1(q, t) is shown in Fig. 1 as a
function of the scattering vector q = (4tr/X) sin(0/2),
where k =6328 A. and 8 is the scattering angle. Although
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FIG. 1. Scattered intensity l(q, t) vs the scattering vector q.
the polymerization process commences on mixing, no evi-
dence of phase separation is seen for 37 min. After this
induction period, there is an abrupt increase in the inten-
sity of scattered light. Similar induction periods have
also been observed using calorimetry [5]. The maximum
scattered intensity increases with time, while q,„,the
magnitude of the scattering vector where the scattered in-
tensity is a maximum, decreases. After 42 min no further
change in the angular distribution of scattered intensity
profile can be detected.
The phase separation takes place at constant tempera-
ture, and is driven by polymerization instead of the usual
thermal quench. As the condensation reaction proceeds,
the average degree of polymerization increases, and even-
tually the system becomes unstable against phase separa-
tion. If the prepolymer and the curing agent in the
PDLC forming mixture are considered as one species
with molecules having the average degree of polymeriza-
tion, then the system may be regarded as a pseudobinary
mixture. The structure factor S(q, t) in this case is the
Fourier transform of the spatial correlation function of
the dielectric constant at time t, and is proportional to the
intensity I(q, t) of the scattered light.
In the theory of Cahn and Hilliard [11—13] for the ear-
ly stages of spinodal decomposition (SD), the time de-
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pendence of the structure factor is given by S(q, t)
=S(q,0)e q, where
0.8-
time(min. )
a= 38.1
R(q) =Mq B 2—~q'2
f= — g aP; +kTQ ln
,i 0 i-0 ~i
(2)
where a; is a coupling constant (independent of molecular
volume) and p; and v; are the volume fraction and the
molecular volume, respectively, of species i. The stability
of the system is determined by the eigenvalues of the
Hessian
= —2(ap —a;)(ap —ai)+ kT
Bti; By
1 + iJ
v ohio vi itii
(3)
If i =0 refers to the liquid crystal and, assuming that for
the polymer a; =a~ for i ~ 1, the eigenvalues are the
zeros [15] of f(X) =I+eel/(X —b;), where b; =kT/v;i';
and e=2(ao —az) +kT/vpitio. The smallest eigenvalue is
X;„a:—2(ap —ap)'+kT +1 1
v oitio vi Pi
(4)
Here R(q) is the growth rate, M is the diffusion mobility,f is the free energy density, and p is the liquid-crystal
concentration. In a polymerizing system, M and B f/Biii
are both expected to vary with time and the degree of po-
lymerization. Hence, unlike in thermally quenched
binary mixtures, q, „ is expected to change with time
even in the early stage.
The liquid-crystal-polymer system under study is a
multicomponent mixture, whose components, in addition
to the liquid crystal, are the n-mers whose distribution
changes with time. A simple stability argument is as fol-
lows. An approximate expression for the free energy den-
sity of a multicomponent liquid mixture is [14), in the
van der Waals approximation,
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FIG. 2. The scaling function F(q/q, „)=I„„q3,„vsthe
scaled wave vector q/qmgg.
For the late stage of SD, Langer, Bar-on, and Miller
[17], Binder and Stauffer [18], and Siggia [19] have con-
sidered, for thermally quenched binary mixtures, a
power-law dependence of qm, „ont:
qm»-t (6)
Langer, Bar-on, and Miller predicted v=0.21. Binder
and Stauffer considered cluster dynamics with the result
that v= 3 . Siggia predicted that, for mixtures with the
critical composition, the initial growth is diAusional, and
v= 3, and that at long times the domain growth proceeds
by coalescence due to surface tension and v= 1. Figure 3
shows the dependence of q~,„onthe time t —tp, where t p
is the induction time. For small t —to, our results are
consistent with an exponent of —3 . However, in this re-
gime, the exponent sensitively depends on the value of to,
and thus more data are required for its unambiguous
determination. At later times, the exponent is clearly
—1
Furukawa [20] proposed that the scaling function dur-
ing the late stage of SD in d dimensions has the form
Since v; increases with i, as the polymerization proceeds
Zv;p; increases with time, and A, ;„decreases. When k;„
becomes negative, the system becomes unstable and phase
separation begins. Thus polymerization drives the system
unstable via the increase in the average size of the poly-
mer molecules, that is, in the volume averaged n-mer
volume gv„p„.
In the late stage of phase separation, the scaling ansatz
[16] for the structure factor is
S(q, t) =q,'„(t)F(q/q,„).
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Since S(q, t) =I„«(q,t), F(q/q~, „)=1„«q~,„.Figure 2
shows the scaling function F(q/qm, „)at different times.
Some deviation from the scaling prediction is observed
near the wings and for the late time data; nonetheless
there is reasonable agreement overall.
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FIG. 3. Inq, „vsln(t —tp). The slope is a.
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FIG. 4. ln(1,«q'„)vs ln(q/q, „).
F(x) =(1+y/2)x'/(y/2+x'+"), (7)
where x =q/qm, „,and y=d+1 for an off-critical mix-
ture and y=2d for a critical mixture. For growth in
three dimensions, F(x)—x for x &1, and x) 1, for
oA'-critica] quenches F(x)—x, while for a critical mix-
ture F(x)—x . Furukawa subsequently also proposed
[21,22] F(x)—x /(2+x ) and F(x)—x /(3/2+x' ) for
the late stage of phase separation in three dimensions.
The exponent of the scaled scattering vector x for
x & 1 in Fig. 4 takes on values between 2 and 4, in agree-
ment with Furukawa's predictions. The exponent for
x & 1 is —6 near x =1, and —4 for x &) 1. The exponent
of —6 is typical for a thermally quenched critical binary
mixture. In our system it may be manifest if the system
is predominantly unstable, rather than metastable, during
the phase separation process.
Phase separation was also observed using a microscope
while the sample was curing at 45'C. In Fig. 5, two
separated phases were observed during the early time of
the phase separation. The characteristic domain size here
is larger than in samples cured at 62 C. The domains
grow both by direct coalescence and by the Lifshitz-
Slyozov [23] evaporation-condensation mechanism. A
striking phenomenon observed at a later time is that as
polymerization continues, the material in both liquid-
crystal-rich and polymer-rich phase separated domains
again becomes unstable, and undergoes a second phase
separation process, as shown in Fig. 5. Although similar
observations have been made in systems which have been
thermally quenched for a second time [24], we believe
this is the first observation of a spontaneous second phase
separation in an isothermal system. Our observation sug-
gests the possibility of a sequence of such phase separa-
tion processes in polymerizing systems, which could lead
to structures with hierarchical domain size distributions.
In summary, we have used light scattering techniques
to study polymerization-induced phase separation in a
liquid-crystal-epoxy mixture. The scaling relations for
quenched binary Auids appear to hold for our system.
FIG. 5. Micrographs of the cascade phenomena where phase
separation occurs for a second time. The horizontal dimension
of each micrograph is 180 pm.
We have observed the crossover of q, „ from a (t
—to) 't to a (t —to) ' time dependence as predicted
by Siggia for thermally quenched systems. The scaling
behavior of the structure factor is in reasonable agree-
ment with Furukawa's predictions. We have also ob-
served a novel cascade phenomenon where spontaneous
phase separation takes place for a second time in already
phase separated domains.
The authors acknowledge support from the National
Science Foundation under the ALCOM Science and
Technology Center Grant No. DM R 89-20147. We
thank R. Petscheck, E. C. Gartland, and L. Reichel for
helpful discussions.
[1] D.-K. Yang, L. C. Chien, and J. W. Doane, Appl. Phys.
Lett. 60, 3102 (1992).
[2] J. W. Doane, N. A. Vaz, B.-G. Wu, and S. Zumer, Appl.
Phys. Lett. 48, 269 (1986).
[3] J. W. Doane, Mat. Res. Soc. Bull. XVI, 24 (1991).
[4] S. Visconti and R. H. Marchessault, Macromolecules 7,
913 (1974).
[5] G. W. Smith and N. A. Vaz, Liq. Cryst. 3, 543 (1988).
[6] K. Yamanaka and T. 1noue, J. Mater. Sci. 25, 241
(1990).
[7] Do Hyun Kim and Sung Chul Kim, Polymer Eng. Sci. 31,
2234
VOLUME 71, NUMBER 14 PH YSICAL R EVI EW LETTERS 4 OCTOBER 1993
289 (1991).
[8] J. Y. Kim and P. Palffy-Muhoray, Mol. Cryst. Liq. Cryst.
203, 93 (1991).
[9] G. W. Smith, Phys. Rev. Lett. 70, 198 (1993).
[10] From Miller-Stephenson Chemical Co.
[11]J. W. Cahn and J. E. Hilliard, J. Chem. Phys. 28, 258
(1958).
[12] J. W. Cahn, J. Chem. Phys. 30, 1121 (1959).
[13]J. W. Cahn and J. E. Hilliard, J. Chem. Phys. 31, 688
(1959).
[14] H. Kehlen, M. T. Ratzsch, and J. Bergmann, Z. Chem.
26, No. 1, 1-6 (1986).
[15] G. H. Golub and M. V. Van Loan, Matrix Computations
(Johns Hopkins Univ. Press, Baltimore, 1989), 2nd ed.
(Theorem 8.6.2 in Sect. 8.6, "A Divide and Conquer
Method" ).
[16] J. Marro, J. L. Lebowitz, and M. H. Kalos, Phys. Rev.
Lett. 43, 282 (1979).
[17] J. S. Langer, M. Bar-on, and D. Miller, Phys. Rev. A ll,
1417 (1975).
[18] K. Binder and D. Stauffer, Phys. Rev. Lett. 33, 1006
(1974).
[19] E. Siggia, Phys. Rev. A 20, 595 (1979).
[20] H. Furukawa, Physica (Amsterdam) 123A, 497 (1984).
[21] H. Furukawa, Phys. Rev. B 33, 638 (1986).
[22] H. Furukawa, J. Phys. Soc. Jpn. 5$, 216 (1989).
[23] l. M. Lifshitz and V. V. Slyozov, J. Chem. Phys. Solids
19, 35 (1961).
[24] C. Casagrande, P. Fabre, M. A. Guedeau, and M. Veys-
sie, Europhys. Lett. 3, 73 (1987).
2235

